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Abstract
We review the mounting evidence that regeneration is induced in wounds in skin and peripheral 
nerves by a simple modification of the wound healing process. Here, the process of induced 
regeneration is compared to the other two well-known processes by which wounds close, i.e., 
contraction and scar formation.
Direct evidence supports the hypothesis that the mechanical force of contraction (planar in skin 
wounds, circumferential in nerve wounds) is the driver guiding the orientation of assemblies of 
myofibroblasts (MFB) and collagen fibers during scar formation in untreated wounds. We 
conclude that scar formation depends critically on wound contraction and is, therefore, a healing 
process secondary to contraction.
Wound contraction and regeneration did not coincide during healing in a number of experimental 
models of spontaneous (untreated) regeneration described in the literature. Furthermore, in other 
studies in which an efficient contraction-blocker, a collagen scaffold named dermis regeneration 
template (DRT), and variants of it, were grafted on skin wounds or peripheral nerve wounds, 
regeneration was systematically observed in the absence of contraction. We conclude that 
contraction and regeneration are mutually antagonistic processes.
A dramatic change in the phenotype of myofibroblasts was observed when the contraction-
blocking scaffold DRT was used to treat wounds in skin and peripheral nerves. The phenotype 
change was directly observed as drastic reduction in MFB density, dispersion of MFB assemblies 
and loss of alignment of the long MFB axes. These observations were explained by the evidence 
of a surface-biological interaction of MFB with the scaffold, specifically involving binding of 
MFB integrins α1β1 and α2β1 to ligands GFOGER and GLOGER naturally present on the surface 
of the collagen scaffold.
In summary, we show that regeneration of wounded skin and peripheral nerves in the adult 
mammal can be induced simply by appropriate control of wound contraction, rather than of scar 
formation.
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Introduction
Injury to an organ generates a wound and is normally followed by a spontaneous (untreated) 
healing process at the end of which a healthy wound has closed. In the adult mammal, injury 
to the stroma is typically irreversible and eventually leads to formation of scar, a 
nonphysiological tissue (repair). Regeneration of stroma, i.e., recovery of the structure and 
function of the original tissue, is typically not observed.
The clinical consequences of such irreversible healing processes are enormous since they 
often cause loss of function in vital organs.(1) Scar formation has been frequently cited as a 
physical and chemical barrier for regeneration, particularly in studies of regeneration of 
axons in the injured central nervous system. (2–4) However, in studies with wounds in skin 
and peripheral nerves, substantial evidence has been presented showing that scar formation 
can be cancelled and regeneration achieved by appropriate modification of the wound 
healing process, specifically blocking of the normal wound contraction process. (5) Because 
of the striking importance of the medical consequences of wound healing it appears 
worthwhile to explore the connection between wound healing and regeneration. We provide 
below background evidence that leads to an understanding of such a connection.
In this review the wound healing process is viewed in terms of the relative contribution of 
the macroscopic processes by which an injured organ achieves the end state of wound 
closure. We have emphasized the viewpoint of the end state (closure) of the wound healing 
process, rather than its intermediate mechanism (involving an often bewildering host of 
biochemical and cell biological interactions), because wound closure occurs by a small 
number of processes, namely, contraction, scar formation and regeneration. Each of these 
processes is well-defined and their respective quantitative contributions to wound closure 
can be determined by measuring the fraction of standardized wound area that has closed by 
each process. The relationships among them can be evaluated using appropriate wound 
healing models that emphasize one or the other of these processes. Extensive quantitative 
data on the three processes of wound closure have so far been sparse; however, there is 
sufficient information currently to introduce this viewpoint. For example, dermis (the 
outcome of a regeneration process) and scar can be quantitatively distinguished using laser 
scattering from histological slides, as illustrated in Fig. 1.
Evidence is presented in this review that is used to evaluate qualitatively the relative 
importance of each of the three processes of wound closure in healing of well-defined 
wounds in two organs, skin and peripheral nerves. This approach eventually identifies a 
useful pathway, presented at the cell-biological scale and supported by a molecular 
mechanism, that leads to cancellation of scar and induction of regeneration.
Relation between Wound Contraction and Scar Formation
In the section below skin wounds studied were full-thickness dorsal skin wounds in rodents. 
Unimpaired, acute skin wounds, not chronic wounds, were only included. (However, there is 
a pointed reference to chronic skin wounds at the end of the next section) The peripheral 
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nerve wound studied was the fully transected sciatic nerve of the rat. Both of these animal 
models have been used extensively in the literature of wound healing.
We start our analysis with a description of the formation of dermal scar in a rodent wound 
healing model. Synthesis of dermal scar has been described in a detailed series of light 
photomicrographs and ultrastructural images observed in healing of skin wounds in the 
guinea pig (6). In this study the development of connective tissue morphology following 
wound healing was studied both in the presence and absence of a collagen scaffold with 
highly specific structure (dermis regeneration template, DRT). The latter is known for its 
unusual property of strongly delaying or blocking wound contraction in skin wounds (7,8) 
and peripheral nerve wounds. (9) DRT also induces regeneration of the dermis and the 
peripheral nerve trunk in several adult mammalian species, (7,8,10) including the human. 
(11) In the full-thickness untreated (DRT-free) skin wound, used as a negative control which 
contracts normally, the long axes of highly elongated fibroblasts were observed to be aligned 
parallel to the epidermal (wound) plane, both in the superficial and deep dermis, by day 14 
post injury. By 1 year fibroblasts deposited similarly oriented, coarse collagen bundles, 
resembling scar. The presence of scar was confirmed by observing a flat dermal-epidermal 
junction. In contrast to the above, when the skin wound had been grafted with DRT, the 
fibroblasts observed on day 14 were fusiform to stellate in shape, rather than highly 
elongated, and their axes were randomly oriented in space rather than being aligned in the 
plane. By 1 year, these fibroblasts were associated with delicate, interwoven collagen 
bundles, resembling normal dermis. (6) In summary, in these sequences of light 
microphotographs and ultrastructural images, the long axes of fibroblasts in untreated 
healing skin wounds were shown to be oriented in the plane of the wound and collagen 
fibers synthesized in these wounds were also oriented in the same plane. In contrast, 
fibroblast axes in wounds treated with contraction-blocking DRT were randomly oriented in 
space and synthesis of collagen fibers in the DRT-treated wounds yielded randomly oriented 
collagen fibers. (6) We seek below an explanation for these data.
Deeper insight into the origin of scar formation is gained when fibroblasts in the healing 
skin wound or peripheral nerve wound are stained by use of an antibody for alpha smooth 
muscle actin, which is specific for myofibroblasts (MFB). These differentiated fibroblasts 
have been credited with generating almost all the contractile forces and resulting tissue 
deformations in skin wounds. (12–16) Although other actin isoforms, such as smooth 
muscle γ-actin and skeletal muscle α-actin, have been implicated in force generation, (17) 
the alpha smooth muscle actin isoform is currently considered by many authors to be the 
most used marker of the myofibroblastic phenotype. (18) These cells are highly elongated 
and display densely bundled actin microfilaments at their perimeter. One of the most widely 
recognized phenotypes of myofibroblasts are “stress fibers”, prominent filaments containing 
alpha smooth muscle actin. (12,19) Expression of the myofibroblast phenotype has been 
shown to require the presence of transforming growth factor beta1 (TGFβ1), a fibronectin 
fragment, and mechanical tension. (19) Following wound closure, myofibroblasts disappear 
by apoptosis. (20,21) The axes of myofibroblasts have been shown to adopt a preferred 
alignment in the plane of spontaneously healing skin wounds and circumferential alignment 
around peripheral nerve stumps wounded by transection (see below). Myofibroblast 
assembly and orientation was clearly observed in tissues from an untreated, spontaneously 
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contracting full-thickness dorsal skin wound in the guinea pig following staining with the 
alpha smooth muscle actin antibody (Fig. 2, top). (5) Expression of the gene for alpha 
smooth muscle actin by a variety of connective tissue cells of the musculoskeletal system 
has been reviewed. (22) The requirement for a myofibroblast mechanism in skin wound 
contraction has been occasionally disputed. (23–27)
The mechanical field acting on myofibroblasts in a full-thickness skin wound that heals 
spontaneously by contraction and scar formation will now be considered. An approximate 
description of the mechanical field is plane tensile stress, similar to the stresses experienced 
by a thin sheet which is being stretched by forces in the plane of the sheet. In the contracting 
skin wound these stresses stretch the skin present outside the wound perimeter in a direction 
toward the wound interior (centripetal direction). The two normal stresses in the plane of the 
wound are usually unequal in magnitude and the resulting deformation is maximal along the 
direction of the larger stress component (major deformation axis; see (28)).
The orientation (alignment) of myofibroblasts in the space of the wound appears to be 
strongly affected by the presence of the mechanical field in which the fibers are synthesized. 
A similar physical phenomenon has been long recognized in the field of mechanics of 
synthetic polymer mechanics (e.g., alignment of long macromolecular crystallites following 
extrusion of textile fibers from a spinneret, followed by stretching). The fibers synthesized 
by the cells are also aligned in an apparently similar manner. It has been previously shown 
that fibroblasts deposit newly synthesized collagen fibers in a direction approximately 
parallel to their own long cell axes. (29) In the full-thickness guinea pig skin wound 
(untreated), direct observation of the cells that had expressed the alpha smooth muscle actin 
phenotype, and were ultrastructurally identified as myofibroblasts, showed that the long axes 
of these cells were oriented in the plane of the wound surface; out-of-plane orientation of 
axes of MFB was negligible.(6) Confirmation of high myofibroblast alignment in the same 
untreated animal model was provided in a skin wound that was undergoing vigorous 
contraction on Day 10 following injury (Fig. 2, top). A high magnification view of tissue 
from Fig. 2, top is shown in Fig. 3A, left. This latter microscopic view confirms the MFB 
alignment in the plane of the untreated skin wound. We recall earlier findings in a 
quantitative study of histological sections from skin wounds by laser light scattering that 
showed newly synthesized collagen fibers in guinea pig scar being aligned in the plane of 
the epidermis and along the major deformation axis of the contracting wound.(30) 
Alignment of collagen fibers in dermal scar has been previously reported in numerous 
independent studies. (31–34) An example of the major deformation axis during skin wound 
closure has been described.(30) We conclude that there is wide agreement in the literature 
that scar in healing skin wounds is a tissue characterized by high alignment of collagen 
fibers in the plane of the wound.
In peripheral nerve wounds, during healing of the transected rat sciatic nerve, and in the 
absence of tubulation often used to connect the nerve stumps (untreated control), 
myofibroblasts were observed in a state of circumferential alignment around the regenerate 
14 days post-injury (Fig. 3B, left). A study of the mature healed nerve, obtained in a lengthy 
60-week study, using the silicone elastomeric tube as a conduit connecting the stumps 
(which, like the tubeless control, also allows extensive contraction to take place), showed 
Yannas et al. Page 4
Wound Repair Regen. Author manuscript; available in PMC 2018 April 27.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
MFB in a circumferential alignment around the nerve stump, forming 15–20 myofibroblast 
layers (often referred to in the literature as a contractile capsule). (35)
The evidence shows that neural scar is largely made up of collagen fibers that are aligned 
circumferentially around the stump resulting from transection. An image of the transected 
peripheral nerve model that had been obtained at 9 weeks following treatment with a poorly 
regenerative analog of the DRT (member of a collagen library of DRT analogs, see below), 
showed collagen fibers wrapped around the circular cross section of neural tissue and 
exhibiting their clearly circumferential orientation (Fig. 4A). (9) Since the MFB layer 
surrounding the neural tissue was also shown to be circumferential (see Fig. 3B left; also 
(35)), the evidence in Figs. 3B left and 4A supports further the early general finding that, 
during collagen synthesis, fibroblasts deposit newly synthesized collagen fibers in an 
alignment that parallels the orientation of cell axes. (29).
Evidence supporting compression of the cross section of the nerve stump during healing was 
obtained using collagen scaffolds that were closely matched in structure to DRT but had 
shown diminished ability to block contraction and induce regeneration or had altogether 
failed to block contraction and were also regeneratively inactive.(9,36,37) The five scaffold 
members, labeled A through E, differed only in the increasing level of crosslink density 
along the series, with scaffold E being the most highly crosslinked. Images of the regenerate 
obtained by two-photon microscopy at 9 weeks showed a neural tissue diameter of about 
400 μm when scaffold tube E, which allowed contraction, was used (Fig. 4B, left). However, 
neural tissue diameters of about 1000 μm or higher were measured when scaffold tube D 
(fabricated from contraction-blocking DRT) was used (Fig. 4B, right). (The physiological 
nerve diameter for this animal model is about 850 μm. Regenerating nerves typically 
measure neural tissue diameters larger than normal for several weeks after tubulation; see 
detailed evidence in (35)) The difference in diameter between the two regenerating nerves 
shown in Fig. 4B left, right can most simply be explained by the presence of contractile 
forces that induce a differential compressive deformation (shrinking) along the radial axis 
(major deformation axis) of the nerve trunk.
Quantitative evidence supporting the hypothesis of compressive shrinkage of the 
regenerating nerve trunk was obtained in a study with the transected rat sciatic nerve where 
the diameter of the healing nerve was shown to decrease with increasing thickness of the 
myofibroblast capsule surrounding the nerve (Fig. 5, left).(9) In the five groups of animals, 
each treated with scaffolds A through E along a series that comprised members with 
increasing crosslink density, the thickness of the MFB capsule exhibited gradually 
increasing values (suggesting an increasing compressive force along the series) following 
treatment with the members of this internally controlled scaffold library. The data in Fig. 5, 
left are most simply interpreted as increasing shrinkage of the stump diameter resulting from 
a compressive stress field applied by an increasingly thick myofibroblast capsule. (9) This 
explanation is consistent with a linear elastic model of radial compressive strain which 
varies directly with the thickness of the contractile cell capsule.(9)
A simple analogy of the contractile mechanical field acting around the nerve regenerate is 
squeezing of a person’s arm following application of a pressure cuff for measuring blood 
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pressure. This analogy has defined the “pressure cuff” theory of peripheral nerve 
regeneration across a long gap formed by nerve transection. (38) The theory explains the low 
quality of PN regeneration, frequently observed in several experimental configurations in the 
literature: Shrinkage of the diameter of neural tissue resulting from compression by the MFB 
capsule is accompanied by decrease in number of myelinated axons in the reduced cross 
section (Fig. 5 right), resulting in morphology that is characteristic of a peripheral nerve 
with increasingly poor functional properties. This simple theory has explained qualitatively a 
large number of independent data in the field of peripheral nerve regeneration using a variety 
of tubes that were studied as conduits connecting the stumps. (38) In summary, we theorize 
that the myofibroblasts shown to be aligned circumferentially around healing nerve stumps 
(Fig. 3B left; also (35)) apply compressive stresses (“hoop stresses”) that result in the 
observed shrinking of the nerve along its radial axis (Figs. 4B, Fig. 5 left) thereby impeding 
regeneration of the original morphology. We conclude that circumferentially aligned MFB 
synthesize collagen fibers with similar circumferential alignment (Fig. 4A), leading to 
formation of neural scar around the nerve stump.
The combined observations cited above lead to a conclusion that applies both to skin 
wounds and nerve wounds. During normal contraction of the untreated wound, collagen 
fibers are observed to be deposited in an alignment that coincides with that of the MFB long 
axes, themselves being in alignment with the major deformation axis of the mechanical field. 
The outcome of this process is synthesis of collagen fibers in a pattern consistent with a 
scar-like stroma which appears to be a close topographic replica of the cellular 
(myofibroblast) configuration in the contracting wound. These observations on MFB 
alignment lead to a useful analogy between contracting skin wounds and peripheral nerve 
wounds: The geometry of contraction of skin wounds appears to differ from that in 
peripheral nerve stumps primarily with respect to differences in the macroscopic 
topographical anatomy of the two organs (rather than differing in detailed cell-biological 
details), which is planar in skin and cylindrical in nerves.
The evidence presented above has led to a deformation field theory of scar formation in skin 
wounds and peripheral nerve wounds: The mechanical field that drives physiologic wound 
contraction in each injured organ theoretically controls the alignment of contractile cells in 
the wound. The mechanical field is approximated as plane tensile stress in skin wounds and 
circumferential compression in nerve wounds. Alignment of cells eventually leads to 
synthesis of collagen fibers with similar alignment and ultimately results in the characteristic 
fiber alignment observed in dermal and neural scar. The deformation theory of skin scar and 
neural scar formation has been described. (5) We present a simple schematic representation 
of this theory for spontaneously healing skin wounds and peripheral nerve wounds (Fig. 6). 
The schematics for these two different organs are closely based on the data shown in the 
photos (see figure legends for details).
A necessary consequence of the deformation field theory of scar formation is that the 
alignment both of long MFB axes and of newly synthesized collagen fibers should be 
cancelled when the mechanical field of wound contraction becomes inactive, leading to 
MFB and corresponding collagen fibers that lack a preferred alignment. Direct experimental 
support for this prediction, both from skin wounds (Fig. 3A, right) and peripheral nerve 
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wounds (Fig. 3B, right), was obtained following use of the contraction-blocking collagen 
scaffold, DRT. The photographic evidence shows loss of alignment both in skin wounds and 
peripheral nerve wounds in the presence of DRT. Although DRT was originally discovered 
in connection with its regenerative activity, (7,10) the discussion is focused instead here on 
the unique information that this efficient contraction blocking agent provides when used as 
an experimental probe. Evidence for the contraction-blocking activity of DRT in skin 
wounds has been presented in earlier studies where it was shown that macroscopic wound 
contraction was either very strongly delayed or arrested in the presence of DRT. (8,9) We 
conclude that the evidence supports the prediction of the deformation theory: contraction-
blocking DRT cancels the alignment of collagen fibers characteristic of scar.
We now consider the temporal relationship between the wound healing processes of 
contraction and scar formation. During spontaneous healing, contraction appears first, 
followed much later by scar or regeneration. For example, in a study of the untreated guinea 
pig skin wound, the wound started contracting no later than 3–4 days after injury while 
approximately 50% of the wound area had closed by contraction by day 10 and complete 
wound closure was observed approximately by day 35. (8) By day 10, a well-developed 
layer of aligned myofibroblasts had already been established while the wound was 
contracting vigorously. In the same animal model, there was no evidence of scar formation 
by day 14 either in the superficial or deep dermis. (6) Although the documentation was 
sparse, clear evidence of scar appeared a few weeks after injury, at about approximately the 
same time that the wound was closing or had closed by contraction. (6) In the transected 
peripheral nerve, alignment of myofibroblasts was evident by day 14 (Fig. 2B, left) and 
MFB persisted even at 60 weeks. (35) MFB first appeared in peripheral nerve wounds as 
early as approximately 7 days (data not shown here). Definitive neural scar both in the 
proximal and distal stumps had appeared by 6 weeks, (35) and probably earlier. The 
conclusion from the data, both with skin and peripheral nerve wounds, is that contraction 
starts clearly earlier than does scar formation. The sequence of scar-forming events appears 
to be as follows: Contraction sets up a mechanical field > MFB become oriented in 
mechanical field > Collagen synthesis occurs by oriented MFB > Scar forms.
We turn next to the evidence concerning the mutual dependence of contraction and scar 
formation processes. Although contraction appears before scar formation, the data with 
mammalian wounds discussed above do not address the provisional hypothesis that the 
processes may nevertheless have a common origin and are expressed together rather than 
being independent of each other. This question was answered in a quantitative study of 
spontaneous closure of skin wounds in the tadpole, the early form of a frog species, as well 
as in the adult frog. (39) Although the tadpole is an anuran, there appears to be no evidence 
that the basic wound healing processes in tadpole skin are qualitatively different than those 
in mammals. The absence of scar in the tadpole model was confirmed histologically through 
the entire developmental cycle of the tadpole; scar made its first appearance after 
metamorphosis of the tadpole to the adult frog had occurred. Tadpole skin wounds closed 
both by contraction and regeneration, with persistent absence of scar, and in relative 
magnitudes that varied through development. The readily measurable magnitude of 
contraction increased while regeneration correspondingly decreased during tadpole 
development. (39) In this study absence of scar clearly did not lead to cancellation of 
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contraction, indicating that changes in the magnitude of contraction were observed 
independently of the presence of scar. This finding contradicts the provisional hypothesis 
that the two processes, contraction and scar formation, have a common origin and 
hypothetically are expressed in parallel.
The conclusions from the data describing the mutual dependence of contraction and scar 
formation is that contraction in skin wounds and peripheral nerve wounds starts clearly 
earlier than does scar formation. Scar synthesis follows development of the mechanical field 
of wound contraction which orients the cells (MFB) that synthesize collagen fibers with the 
characteristic orientation pattern of scar. Furthermore, contraction can take finite values 
while scar persists at zero (tadpole data; (39)). The data can be best explained by concluding 
that scar formation is a process secondary (derivative) to wound contraction. It follows that 
scar formation can be prevented simply by early application of contraction blocking. 
Therefore, in studies where the use of a DRT graft led to cancellation both of contraction 
and scar, blocking of contraction by DRT is predicted to have sufficed to cancel scar 
formation as well.
An antagonistic relation between wound closure by contraction and by 
regeneration
In this section, evidence on spontaneously healing (untreated) skin wounds is cited from 
studies with a variety of species (rabbit, mouse, swine, axolotl), providing a set of data that 
naturally point to an antagonistic relation between contraction and regeneration. A second 
set of data, pointing to a similar conclusion, was obtained with DRT-treated wounds in 
rodents (skin wounds were full-thickness; peripheral nerves were the transected rat sciatic 
nerve).
We summarize first independent evidence of scarless healing from diverse species where 
contraction and regeneration did not occur together, or else coexisted in competition with 
each other. We consider the well-known example of skin wounds in the perforated rabbit ear 
where wound contraction has been clearly shown to be excluded due to tight binding 
between skin and underlying cartilage, (40) and where regeneration, or scarless healing, of 
skin is observed. (41–45) In contrast, injury in a different anatomical site of the same species 
(dorsal wound in rabbit) showed the commonly observed result that skin wounds closed with 
an estimated contraction of 96% of initial wound area, the remainder being scar. (46) In a 
quite different anatomical site, studies of healing of the injured oral mucosa in mice showed 
greatly reduced scar formation or even scarless healing. (47–51) In studies of scarless 
healing of oral mucosal wounds with swine it was shown that these wounds contracted 
significantly less than in skin wounds of the same species (48) or else showed lower levels 
of TGFβ1 (cytokine required for expression of the alpha smooth muscle actin phenotype in 
fibroblasts) than in control skin wounds. (47) The axolotl is a urodele amphibian with 
unique ability among vertebrates to regenerate lost appendages (limbs, tail) and other body 
parts, including heart, forebrain and jaw. (52) Full-thickness excisional skin wounds in the 
axolotl led to the expected spontaneous regeneration of the skin (53) while a separate study 
of similar skin wounds in the axolotl showed that alpha smooth muscle actin, a protein 
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characteristic of contractile cells, was absent and that TGFβ1 was only transiently expressed 
during wound healing. (52,54) We also cite quantitative data from a study of the developing 
tadpole (described in the preceding section) where, in the absence of scar formation, 
contraction and regeneration do occur together yet appear as mutually exclusive processes of 
skin wound closure. (39) The data in the latter study showed that, during the entire four 
stages of tadpole development, the fractional contribution of contraction to wound closure 
increased from about 41 to 90% while the contribution of regeneration simultaneously fell 
from about 59% to 10%, with scar persisting at zero levels throughout tadpole development. 
The experimental evidence in each of these studies with skin wounds in various species that 
heal spontaneously without scar formation has led to the conclusion that scarless healing 
(regeneration) of these wounds was persistently observed coincidentally with the absence of 
wound contraction. In one instance (tadpole), scarless healing was observed to coexist in 
competition with contraction for wound closure.
A second set of data that independently supports an antagonistic relation between wound 
contraction and regeneration includes several studies of induced (rather than spontaneous, as 
above) regeneration with adult mammals using the collagen scaffold with regenerative 
activity (DRT) that was referred to in preceding sections. This scaffold has been shown to 
dramatically delay the onset of skin wound contraction or to cancel contraction, while 
inducing regeneration in the guinea pig, rat, rabbit, swine, and (with limited quantitative 
data) in the human; and in three organs, i.e., skin, peripheral nerves and the rabbit 
conjunctiva (review in (55)). Support for the role of contraction blocking in induction of 
regeneration was obtained using a series of closely matched controls for DRT (collagen 
scaffold library) with rodent models. (8) Some members of this library were active 
regeneratively but most were inactive to different degrees. (5) In one such library the 
members were identical in chemical structure but differed in average pore size, a 
determinant of the specific surface on the scaffold. With skin wounds in rodents, use of the 
library showed that contraction was delayed most strongly, while regeneration occurred most 
prominently, when the scaffold pore size was in the range 20–125 μm; the contraction delay 
time dropped rapidly while regeneration was observed outside this range of the pore size. (8) 
The data essentially showed a coincidence of strong contraction delay, or blocking, and 
regeneration along the several members of the scaffold library.
A different collagen scaffold library was used in studies of peripheral nerve wounds in the 
sciatic nerve of the rat. Here, the particular collagen library used comprised members that 
were identical in pore size but differed in crosslink density; the latter property correlated 
positively with the degradation half-life. (9,36,56) It was observed that scaffold library 
members that induced formation of thicker capsules of contractile cells around the nerve 
stumps were associated with a decreased diameter of neural tissue and decreased number of 
myelinated axons, both clear signs of a lower quality of nerve regeneration (Fig. 5 right). 
The number of A-fibers measured in the regenerate in the same study also showed a 
significant drop with increase in capsule thickness. (9) As expected, the number of 
myelinated axons per cross section decreased monotonically along the series with decrease 
in neural tissue diameter. (9) In a characteristic example associated with the data of Fig. 5 
left, the diameter of the regenerated neural tissue decreased from about 0.59 mm to 0.28 
mm, and the number of myelinated fibers decreased from about 7000 to 800 per cross 
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section of neural tissue, while the corresponding thickness of the capsule increased from 
about 22 μm to 98 μm. Use of tubes fabricated from contraction-blocking DRT maximized 
the diameter along the scaffold series and simultaneously led to minimization of capsule 
thickness (see locations marked DRT in Fig. 5, left, right). A photographic record from this 
study documents in detail the inverse relationship between the thickness of the contractile 
capsule and the corresponding quality of nerve regeneration. (9) We suggest that the data in 
Fig. 5 amount to direct quantitative evidence that contraction and regeneration are 
antagonistically related.
A third organ in the adult mammal that has shown an inverse relation between contraction 
and induction of regeneration is the conjunctiva in the rabbit. (57) Though preliminary, the 
conjunctiva results with the rabbit model are consistent with observations obtained with skin 
and peripheral nerve wounds.
Although there is direct evidence from studies of spontaneous healing as well as studies of 
induced healing with DRT, showing that blocking of wound contraction coincides with 
induced regeneration, there is also evidence showing that such an arguably necessary 
condition is, nevertheless, not sufficient to induce regeneration. This conclusion comes out 
of several studies of impaired healing of skin wounds in animal models, i.e., wounds 
deliberately treated in a variety of ways that induce healing under pathological or artificial 
conditions that prevent wound contraction. Examples are wounds in animals treated with 
steroids; (58–62) wounds in genetically diabetic animals (63,64) and in genetically obese 
animals (64); and splinted wounds that prevent contraction. (65) These skin wound models 
showed greatly delayed or cancelled contraction yet there was no evidence of regeneration in 
any of these studies of impaired healing. In these impaired wounds, blocking of contraction 
did not suffice to induce regeneration.
The simplest explanation of the diverse evidence summarized above, obtained with a large 
variety of species and anatomical sites, is that contraction blocking in skin wounds and 
peripheral nerve wounds appears to be necessary, but does not suffice, to induce 
regeneration. However, there is inadequate information to justify a claim of causality 
between contraction blocking and induction of regeneration.
Surface biology of wound contraction blocking by a collagen scaffold with 
highly specific structure
The highly porous structure of DRT, studied for example by scanning electron microscopy, 
reveals the extensive surface of this scaffold but not the active sites (ligands) for cell 
adhesion on the scaffold surface. These ligands are required for MFB integrin binding which 
appears to control a critical change in MFB phenotype.
A spontaneously healing skin wound which normally contracts vigorously undergoes a 
dramatic transformation when grafted with DRT. Use of DRT leads to cancellation or 
significant delay of wound contraction. (8,10) Both in skin and peripheral nerve wounds, the 
originally dense cell assemblies, comprising myofibroblasts (MFB) with high alignment, 
change into a configuration which has an MFB density reduced to 20% of that in the 
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ungrafted wound (see (6)), with extensive dispersion of the assembled cells and almost 
complete randomization of long cell axes (Fig. 7 top, skin wounds; Fig. 7 bottom, peripheral 
nerve wounds). These changes correspond to a profound change in cell phenotype and 
appear to account for the observed cancellation of the macroscopic contraction force, 
estimated at 0.1 N in a rodent model of a dorsal skin wound. (66) We summarize below the 
molecular events which appear to explain these changes in cell phenotype and account for 
the contraction-blocking activity of DRT at the molecular scale.
The observed reduction in myofibroblast density in DRT-treated wounds can be explained 
most simply by the observed downregulation in concentration level of transforming growth 
factor beta1 (TGFβ1), the key cytokine required for myofibroblast differentiation. (19) In the 
presence of the DRT scaffold-tube, the concentration of TGFβ1 in the peripheral nerve 
wound was reduced to 72% relative to the regeneratively inactive control tube (silicone 
tube); and alpha smooth muscle actin, a myofibroblast marker, was reduced to a level as low 
as 13% of the concentration level observed with the inactive collagen control. (9) The origin 
of the observed downregulation in TGFβ1 concentration in the presence of DRT is not 
clearly understood at present; it could hypothetically result from the great affinity with 
which TGFβ1 has been shown to bind nonspecifically on the DRT surface, to an extent of 
about 7 μg TGFβ1/mg DRT, (67) and the resulting likelihood of reduction in activity of the 
bound (relative to the free) cytokine. An alternative explanation of the significant 
downregulation in MFB density in the presence of the phenotype-changing DRT can be 
couched in terms of the loss in tension, a known prerequisite for MFB differentiation (19). 
Other explanations have been also proposed. (5)
Dispersion of cell assemblies and disorientation of long axes of cells in the presence of DRT 
is explained most simply by inhibition of MFB-MFB binding and facilitation instead of 
MFB-DRT binding. How does this happen at the molecular scale?
A novel methodology based on 3D two-photon microscopy has been described for 
quantifying in situ the density of ligands for adhesion receptors (collagen binding integrins) 
on the surface of a 3D matrix. (37) This method has been used to measure the adhesion 
ligand density for the two major collagen-binding integrins (α1β1, α2β1) in two kinds of 
porous collagen scaffolds that differed greatly in regenerative activity in a peripheral nerve 
regeneration study. (9) The ligands for these two integrins were identified as GFOGER and 
GLOGEN, Fig. 8.
In this study, two scaffolds with sharply differing regenerative activity (referred to below as 
“active” and “inactive”) were members of the same collagen library and were nearly 
identical in structure; they differed, however, in their crosslink density which is known to 
control the degradation half-life of the two scaffolds to different levels (higher crosslink 
density and longer half-life observed with the inactive scaffold). Use of the active scaffold 
resulted in peripheral nerve regeneration of a significantly higher quality than that observed 
with the inactive scaffold. The ligand concentration on the surface of the active scaffold was 
much higher than that on the inactive one, Fig. 8. (37) Although preliminary, the available 
evidence suggests the possibility that adhesive cell-matrix binding, enabled by the 
sufficiently dense presence of integrin-binding ligands on the surface of the active scaffold, 
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can be used to explain the observed inhibition of MFB-MFB binding (shown as dispersion 
of MFB assemblies; see Fig. 2 bottom, 3A right and 3B right) and corresponding facilitation 
of MFB-DRT binding.
Use of collagen libraries has shown that at least three structural features in DRT required 
adjustment to levels that were critical for biological activity. Maximum regenerative activity 
with simultaneous maximum contraction blocking were observed when the pore size for 
collagen scaffolds in one library was varied in the range 20–125 μm (8) while the optimal 
degradation half-life for this scaffold was maintained fixed at 14 ± 7 d.(9,36) Insufficient 
data are available to identify optimal values for ligand densities for integrins α1β1 and α2β1. 
The limited evidence suggests a threshold for regenerative activity, corresponding to a 
minimal level of ligand density for the two integrins, that exceeds 200 μM α1β1 or α2β1 μM 
ligands. (37) Substantial departure from optimal levels with any of these three structural 
features, namely, pore size, degradation half-life and ligand density, deactivates DRT almost 
completely and yields scaffolds that have little or no regenerative activity.
An analysis of these optimal values provides an explanation for their mechanistic 
importance during contraction blocking which precedes the regeneration process. The lower 
level of scaffold pore size appears to be necessary to provide minimal space for contractile 
cell migration inside the scaffold where cell binding takes place. An upper limit in pore size 
is required to provide sufficient specific surface on the scaffold for binding of all (or most) 
of the contractile cells present in the wound grafted with DRT (the specific surface of a 
porous material is known to decrease regularly with average pore size). The limiting values 
for scaffold degradation half-life appear to be related to the duration of the myofibroblast 
life cycle. Myofibroblasts appear in a full-thickness guinea pig skin wound within about 1 
week following injury and disappear in about 3–4 weeks (due to apoptosis). A lower limit 
for scaffold degradation half-life is required in order to ensure that a sufficient number of 
myofibroblasts has become differentiated in the wound and can make phenotype-changing 
adhesive contact with the scaffold surface before the latter is degraded. The upper limit for 
scaffold half-life probably marks the time for myofibroblast apoptosis (about 30 days in the 
guinea pig model used) beyond which effective contact with the scaffold surface is 
apparently precluded. The degradation half-life limits on scaffold structure noted here are 
therefore accounted for by the requirement for an adequate number of contractile cells to 
bind on a scaffold surface endowed with sufficient ligands, during a period which lasts just 
enough to provide for contact between cells and the scaffold surface.
We have argued above that regeneration can be induced by the apparently simple device of 
control of the wound healing process in skin and peripheral nerves. The desired level of 
control is achieved by use of a biologically active surface, a collagen scaffold with structure 
optimized for maximal regenerative activity, which dramatically modifies the contractile 
phenotype of myofibroblasts, leading to inhibition of wound contraction that appears to be 
required for induction of regeneration.
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Discussion
According to the deformation field theory of scar formation presented above, scar formation 
in injured skin or peripheral nerves requires the presence of the mechanical field of the 
contracting wound that aligns collagen-synthesizing cells, and eventually aligns the resulting 
collagen fibers as well, along the direction of the major tissue deformation axis. The theory 
explains well the available morphological data that characterize the relation between major 
deformations and scar morphology both in contracting skin and peripheral nerve wounds.
The evidence shows that scar formation appears to be a process secondary (derivative) to 
wound contraction. Regeneration of skin and peripheral nerves in adults appears, therefore, 
to be primarily thwarted by contraction, not by scar formation. This distinction is of critical 
importance in devising new regenerative approaches. However, no data are presented in this 
review on the injured central, rather than peripheral, nervous system and it is not possible to 
assess the effect of scar formation on regeneration in this system, a hypothesis proposed 
elsewhere. (e.g. 2–4)
The importance of mechanical fields in contraction of wounds in other organs has been 
proposed in the literature in terms of alternative theoretical treatments of scar formation. For 
example, in a recent study of healing of the myocardial infarct in the rat heart the authors 
concluded that the mechanical field determines the arrangement of collagen fiber in the 
healed infarct. (68) A mathematical biomechanical model was recently developed to 
simulate wound contraction and scar formation. (69).
The second main conclusion reached in this article originates in evidence from diverse 
species and shows that, simply put, contraction and regeneration do not appear to occur 
together during healing of skin wounds and peripheral nerve wounds. This conclusion is 
supported by a set of independent observations of spontaneous regeneration (scarless 
healing) without contraction, or very limited contraction, of skin wounds in a developing 
amphibian (tadpole), two animal models that are well-known in studies of regeneration 
(perforated rabbit ear, skin wounds in the axolotl) and in a specific anatomic site of the 
swine and mouse (oral mucosa). Studies of induced regeneration using DRT and related 
collagen scaffold libraries provide a complementary set of data, showing a direct association 
between blocking of contraction and absence of scar, on one hand, with induced 
regeneration of the respective organs, on the other. In particular, peripheral nerve studies 
with DRT tubes using a library of closely matched collagen scaffolds showed a progressive 
increase in quality of regeneration with increased evidence of blocking of contraction around 
the stumps, (9) arguably similar to a quantitative dose-response relation between these two 
variables (Fig. 5). We note that the evidence showing that contraction and regeneration 
oppose each other originates in diverse and independent sources. Even though no causal 
relation is proposed here, the conclusion of such an antagonistic relation must be taken into 
account in future studies of spontaneous or induced regeneration.
A hypothesis that contraction is an antagonist to regeneration can be tested by studies with 
the mammalian fetus, admittedly an experimentally challenging configuration. It is known 
that scarless healing occurs prior to the ontogenetic transition that is observed between early 
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and late gestation; after the transition, wounds close with scar. (70–72) The hypothesis 
described here makes the testable prediction that the period of scarless healing during fetal 
gestation coincides with absence of wound contraction; and that, after the transition, healing 
with scar coincides with the incidence of wound contraction.
The collagen scaffold, DRT, that blocks wound contraction and induces regeneration 
requires very careful adjustment of its structural features to levels that optimize cell-scaffold 
adhesion for almost all contractile cells in a wound, an apparent prerequisite for its activity. 
The data with the scaffold libraries (8,9,36) make it clear that a casually structured collagen 
scaffold that does not incorporate the three critical structural features identified above would 
almost certainly lack regenerative activity. This conclusion explains why so many collagen 
implants reported in the literature have failed to induce regeneration. Furthermore, the 
requirement for ligands on the surface of DRT discourages consideration of scaffolds based 
on synthetic polymers in efforts to induce regeneration. It is clear from the data obtained by 
two-photon microscopy (5,37) that the surface biology of the cell-scaffold interaction plays a 
key role in the observed regenerative activity of DRT, Fig. 8. This finding extends greatly the 
concept of biological activity from its usual emphasis on soluble proteins, soluble enzymes, 
etc., typically present in dilute aqueous solution, to an insoluble, solid-like surface. A 
surface is apparently required in order to bring about a phenotype change of major 
importance.
Two sets of data show that regeneration of skin and peripheral nerves share a common 
mechanism. First, in both organs the spontaneous (DRT-free) wound healing process is 
driven by a contractile mechanical field that establishes the collagen fiber architecture in 
skin scar and neural scar. The major configurational difference between the healing 
processes in the two organs is the topography of the respective organ (planar in skin, 
cylindrical in PN) rather than other kinds of differences between the two organs. Second, in 
both organs, grafting of wounds with DRT induces the same mechanistic change in 
myofibroblast phenotype (reduction in MFB density, dispersion of MFB assemblies, loss of 
alignment of MFB axes) that is associated with blocking of contraction and initiating the 
process of regeneration. This conclusion encourages extension of this regenerative 
methodology to other organs as well.
In summary, the evidence presented here supports the two conclusions that scar formation in 
skin wounds and PN wounds is a process secondary (derivative) to wound contraction; and 
that contraction and regeneration are antagonistically related to each other in both of these 
organs. These conclusions converge to identify the importance of wound contraction as the 
central process during spontaneous wound healing as well as during induced regeneration. A 
relatively simple modification of the normal healing process, based on use of the 
contraction-blocking DRT scaffold, provides a reliable route towards regeneration of skin 
and peripheral nerves. In addition, elucidation of the molecular mechanism by which 
regeneration is induced provides a useful mechanistic basis for future development of 
regenerative science and medicine.
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Figure 1. 
Quantitative distinction between scar and physiologic dermis in guinea pig skin using laser 
light scattering from histological tissue sections. Representative scattering patterns for 
dermis and scar can be analyzed to compute the orientation index, S, which varies from 0 
(perfectly random alignment) to 1 (perfect alignment). Top: Histologic views from the 
reticular region of normal dermis (left) and from scar (right). Bottom left: Laser scattering 
patterns from dermis, showing S = 0.20 ± 0.11, indicative of a largely random orientation 
pattern with a small component of alignment (in the epidermal plane). Bottom right: Scar 
shows S = 0.75 ± 0.10, indicating high, but not perfect, orientation. (Adapted from (30)).
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Figure 2. Skin wounds
Sharply contrasting behavior during healing of two full-thickness skin wounds in the guinea 
pig. Histology sections were stained with antibody to α-smooth muscle actin. Top: 
Ungrafted wound is contracting vigorously on day 10. Dense assemblies of highly oriented 
contractile cells (myofibroblasts, MFB; red brown) populate the wound. Bottom: Wound 
grafted with a collagen scaffold, the dermis regeneration template (DRT), is not contracting 
on day 11. Grafting with DRT (bottom) resulted in significant reduction in MFB, dispersion 
of MFB assemblies and randomization of alignment of MFB axes. These changes describe a 
dramatic change in MFB phenotype and hypothetically account for the observed 
cancellation of the macroscopic contractile force in the wound. Red brown, MFB. Arrows: 
Scaffold struts. Scale bar: 0.5 mm. (adapted from (73)).
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Figure 3. 
A: Skin wounds. High magnification view of guinea pig skin wounds from Fig. 2, prepared 
by full-thickness excision, shows changes in myofibroblast phenotype following grafting 
with the dermis regeneration template (DRT). Immunohistochemical localization of α-SMA 
corresponds to the myofibroblast phenotype (MFB, red brown). Left: Untreated skin wound 
is contracting (10 days). MFB are dense, assembled closely and their long axes are oriented 
in the plane of the wound. Right: Skin wound grafted with DRT is not contracting (11 days). 
Compared to untreated wound (left), MFB show lower density, dispersed cell assemblies and 
lack of alignment of cell axes. Arrow: scaffold strut. Scale bars: 100 μm (adapted from (73)). 
B: Peripheral nerve wounds. High magnification view of two peripheral nerve wounds 
observed at 14 days after complete transection of the rat sciatic nerve. Immunohistochemical 
localization of α-SMA (indicative of myofibroblast phenotype) in the contractile cell 
capsule surrounding the nerve stumps (MFB, brown). Left: Untreated (untubulated) wound. 
MFB are dense, assembled closely and their long axes are mostly oriented circumferentially 
around the neural tissue (bottom right). Right: Wound tubulated with DRT. Compared to 
untreated nerve (left), MFB show lower density, dispersed cell assemblies and lack of 
circumferential orientation of cell axes around the neural tissue (bottom right). (adapted 
from (9)). Arrow: scaffold strut. Scale bars: 100 μm
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Figure 4. 
A: Peripheral nerve wounds. Circumferential arrangement of collagen fibers around neural 
tissue during healing of the completely transected rat sciatic nerve. Observed by high 
resolution spectral multi-photon imaging. The transected nerve was tubulated with the 
regeneratively inactive scaffold A, member of a collagen scaffold library described in the 
text. The initial gap length was 15 mm. The nerve regenerate was observed at 9 weeks post 
injury and at 1.5 mm away from the proximal stump. The left section of the photo shows the 
newly-regenerated neural tissue (green); the central section shows newly synthesized 
collagen fibers surrounding the perimeter of neural tissue (red); the right section shows the 
semi degraded remnants of the porous inactive collagen scaffold (purple-green). Scale bar: 
50 μm (adapted from (74)). B: Peripheral nerve wounds. Two nerve cross sections, 
illustrating the effect of two collagen scaffolds, members of a in internally controlled 
scaffold library, on the extent of contraction of the regenerating nerve diameter at 9 weeks. 
The rat sciatic nerve was completely transected and the initial gap length was 15 mm. The 
scaffold library comprised members that differed in degradation half-life (described in detail 
in Harley et al., 2004; Soller et al., 2012). Left: Tubulated with Scaffold E, with long 
degradation half-life, which did not interfere with normal contraction of the nerve diameter 
following transection. Neural tissue (N, green) shows a small diameter, is surrounded by a 
contractile cell capsule (C) and serum (V). The nerve does not make close contact with the 
largely undegraded scaffold (S). Right: Nerve was tubulated with Scaffold D, similar in 
structure to DRT, which blocks contraction of the nerve diameter. Scaffold D had a relatively 
short degradation half-life (see also text). N, Neural tissue (N, green) shows a large diameter 
and is surrounded by a contractile cell capsule (C). S, partly degraded scaffold. Fluorescent 
imaging. Scale bars: 200 μm. (adapted from (37)).
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Figure 5. Peripheral nerve wounds
The quantitative effect of thickness of the contractile cell capsule (MFB capsule) on the 
properties of the regenerating nerve at 9 weeks post injury. The rat sciatic nerve was 
transected and the stumps were inserted inside five collagen tubes with closely matched but 
nonidentical scaffold structures, differing in half-life for degradation. The nerve stumps were 
originally separated by a gap length of 15 ± 1 mm. Data were obtained with the regenerated 
nerve that formed at the midpoint of the original stump separation. The contractile cell 
capsule stained positively for the myofibroblast phenotype and surrounded circumferentially 
the regenerating nerve, as illustrated in Fig. 3B (left) and Fig. 4A. Left: An inverse 
relationship was observed between the thickness of the contractile cell capsule and the 
diameter of the regenerating nerve. The nerve tissue diameter was estimated as the square 
root of the total myelinated area. Right: The number of myelinated axons decreased sharply 
with increase in thickness of the contractile cell capsule surrounding the regenerating rat 
sciatic nerve. DRT, indicates location of DRT (dermis regeneration template) scaffolds 
which were associated with maximum regenerative activity (adapted from (9)).
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Figure 6. 
Schematic illustration of the deformation theory of scar formation in full-thickness skin 
wounds and in a fully transected peripheral nerves. Row 1: wound untreated with the dermis 
regeneration template (DRT) contracts normally and heals with scar formation. A dense field 
of myofibroblasts (MFB), comprising cells that are closely assembled and highly aligned 
(based on data in Fig. 3A, top left), induces strong contraction and synthesizes collagen 
fibers that have the same high alignment as the long axes of cells, resulting in skin scar 
(based on data in Fig. 1 right). Row 2: in a skin wound treated (grafted) with DRT, the MFB 
density is attenuated, cell assembly is dispersed and alignment of cells is nearly random, 
leading to synthesis of collagen fibers that are randomly aligned, resembling the normal 
dermis (based on data in Fig. 3A, top right). Row 3: nerve untreated (untubulated) with DRT 
contracts normally in the presence of a thick myofibroblast (MFB) layer (based on data in 
Fig. 4B, left) and heals with formation of a thick layer of circumferential scar (see text for 
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documentation; also see Fig. 7 in (35)). The nerve diameter is relatively small, the 
myofibroblast layer surrounding the nerve is thick, and the resulting scar layer is also thick. 
Row 4: in a nerve tubulated with DRT scaffold contraction is blocked and the transected 
nerve heals with formation of a nearly normal nerve trunk (based on data in Fig. 4B, right). 
The nerve diameter is large, the myofibroblast layer surrounding it is very thin and the 
resulting scar layer is also very thin. Schematic myofibroblast layer thickness (capsule 
thickness) was based on data in Fig. 5; nerve diameters were based on photos in Figs. 4B 
and 5; neural scar layer thickness in untubulated and tubulated nerve trunks was based on 
photos in Fig. 7 of (35) (graphic by A. Maragh).
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Figure 7. 
Large-scale organized structures of contractile myofibroblasts (MFB) are the cellular origins 
of wound contraction and scar formation in skin and peripheral nerves. A: In ungrafted skin 
wounds, large numbers of MFB form a thick cellular capsule. The long axes of MFB are 
oriented parallel to the plane of the epidermis. Elementary forces applied by each MFB sum 
up to a significant resulting force that contracts the injury site. Collagen fibers synthesized 
by MFB are also oriented along the same direction, leading to scar synthesis. B: In skin 
wounds grafted with DRT, MFB migrate inside the scaffold, bind on its surface and become 
randomly oriented. The resulting macroscopic contraction force is much smaller compared 
to the ungrafted wound. C: In ungrafted transected peripheral nerves, large numbers of MFB 
form a thick cellular capsule in the outer surface of the nerve regenerate. These MFB are 
oriented circumferentially around the nerve perimeter, generating a “pressure cuff” effect 
that compresses the neural tissue along the radial direction. D: In transected peripheral 
nerves grafted with porous collagen conduits based on DRT, the MFB capsule is much 
thinner and the resulting neural tissue synthesized is much larger in mass and axon content.
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Figure 8. 
Extensive cell binding to DRT, a biomaterial rich in adhesion ligands, is observed in 
biomaterial-induced regeneration, both in skin and peripheral nerves. A: In the case of a 
scaffold with very large pores (e.g., average pore size 400 μm, which does not induce 
regeneration), the low specific surface (surface per volume) of the material reduces the 
amount of adhesion ligands available per cell. In this case MFB bind to other MFB, forming 
large capsules inside the pores of the biomaterial rather than adhering to its surface. B: In the 
case of DRT (pore size approximately 100 μm, which induces regeneration), the mean pore 
diameter corresponds to a large specific surface and extensive cell-scaffold adhesion. MFB 
form few cell-cell contacts and do not form large capsules. C: The chemical stimuli provided 
by an active biomaterial to interacting cells depend both on the specific surface (SEM image 
shows the structure of a collagen scaffold of 90 μm mean pore diameter) and the surface 
chemistry of the scaffold (depicted in the insert as density of ligands of particular adhesion 
receptors, e.g. the GFOGER ligand for collagen-binding integrins). D: Illustration of a MFB 
interacting with the DRT surface. The extensive binding of each MFB on the DRT surface is 
mediated by binding of MFB adhesion receptors on the ligand-rich scaffold surface. For 
example, the insert depicts the binding of the I domain of integrin α2 on the GFOGER 
ligand present in collagen molecules (rendering based on the crystal structure 1DZI).
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